Abstract-Industrial demanufacturing is a practice of growing importance due to increasing environmental and economic pressures. However, very little research focuses on it from a system perspective. This paper presents a disassembly planning and demanufacturing scheduling method for an integrated flexible demanufacturing system. Workstation Petri net and Product Petri net are proposed for its hierarchical and modular modeling in order to derive the disassembly path with the maximal end-of-life value. Scheduling Petri net is introduced to schedule the demanufacturing resources. The proposed methodology and algorithms are demonstrated through the disassembly of personal computers in an integrated flexible demanufacturing system.
cycle, demanufacturing has been introduced which is a process of disassembling products and then reusing, remanufacturing, reengineering, or disposing of them [17] . The collection of the used items and/or their packages is one of the major issues in a product recovery environment. Flow of used products back into the product demanufacturing facility is known as reverse distribution [10] . Disassembly also gains much attention in product recovery, and different methodologies to represent and find disassembly sequences have been developed. Homen de Mello and Sanderson proposed an AND/OR graph to present all feasible disassembly sequences and a heuristic-search algorithm to derive the optimal disassembly process plan [7] , [8] . Based on the algebraic and graph structural properties of disassembly Petri net (DPN), the optimal disassembly process plan can be solved by the linear programming technique [18] . Considering the variations of product conditions, which in turn cause operational failure in disassembly and different EOL values imbedded in a product, a subassembly, and a part, Zussman et al. proposed a DPN linked to a Bayesian network method to provide planning algorithms to determine the desired disassembly level [24] . Zussman and Zhou also derived several planning algorithms and developed a DPN-based disassembly process planner and robotic system [25] , [26] . Gupta and Taleb presented an algorithm that reverses the material requirement planning procedure and can be applied to the disassembly planning of some products where the demand is on the component level of the product structure [5] . Current demanufacturing practices include manual and automatic disassembly of discarded products. Kiril et al. proposed the dismantling system for refrigerator [9] . Kopacek et al. described a semi-automatic disassembly cell for PCs [11] . Tzafestas et al. presented the architectural and implementation issues of an autonomous car disassembly robotics system [21] . Grenchus gave a brief history and overview of the IBM demanufacturing process [4] . Lee and Bailey-Van Kuren presented a modeling and supervisory control framework of a disassembly workcell and its application to single-use cameras and PCs [12] . A recent survey of disassembly modeling and planning methodologies is presented in [22] .
Although progress has been reported on the above research areas, very little effort has been focused on demanufacturing from a system perspective. In fact, the allocation of resources in a demanufacturing system is very critical to efficient operations. Many methods have been proposed for the planning of manufacturing systems. Held and Karp used a dynamical programming approach to solve the scheduling problem [6] . A heuristic algorithm was proposed in [3] to generate satisfactory schedules. Stochastic methods were presented as a promising approach to these problems [15] . Luh et al. used Langrange multipliers to relax capacity and precedence constraints and obtained near-optimal solutions for single-machine and parallel-machine planning [13] . Thomas formulated a unified representation scheme to capture the assembly plan and the control level [20] . However, products for demanufacturing exhibit high uncertainty in system structures and component conditions. Furthermore, their disassembly termination goals are not necessarily fixed [22] , [25] , [26] . Due to many physical and operational differences between disassembly and assembly [2] , this paper addresses the fundamental issues in design and operation of an integrated flexible demanufacturing system (IFDS). Moreover, the EOL value of products and the capacity of systems are considered, which makes our methodology more realistic. The rest of this paper is organized as follows. Section II describes the generic model for an IFDS. Section III focuses on disassembly modeling for products and resources using PN. Section IV presents the disassembly process planning. Section V gives a case study, and Section VI gives conclusions.
II. GENERIC MODE FOR INTEGRATED FLEXIBLE DEMANUFACTURING SYSTEMS
Demanufacturing is becoming an integral part of a product life cycle. It performs a set of functions (such as inspection and disassembly) to recover values from products and waste streams, and ships these recovered materials and components for reuse, recycling, reengineering, and remanufacturing. An IFDS, as shown in Fig. 1 , consists of the following interacting and cooperating units:
• database; • collection unit; • inspection unit; • disassembly workstation; • sorting unit; • sensory unit; • supervision unit.
A. Database
The database is the information center of an IFDS. It consists of three parts: product database that stores product model, constitution, and characteristic; disassembly method database that has product disassembly sequences and treatment methods for products under faulty conditions; and resource database that keeps the knowledge of available machines, robots, and human operators.
B. Collection Unit
Discarded products are transported to the demanufacturer from various sources, which introduce uncontrolled variability in terms of product types and conditions. Different models may need different disassembly facilities, and batches of products of same disassembly families provide faster disassembly and lower setup and material handling time by keeping the same tooling and workstation setup. Considering these, an IFDS performs a preliminary screening at the collection unit to separate coming products according to their models and send them to different storage areas. In other words, the group technology concept is used to improve the system efficiency [14] , [15] .
C. Inspection Unit
Before disassembly, batches of products of the same model are tested for their potential reusability in primary and secondary inspection areas. In the primary inspection area, a product Petri net (PPN) with all feasible disassembly sequences and a workstation Petri net (WPN) with workstation information are introduced. During the first inspection, the system obtains information of products, such as working condition, model and constitution, and determines the disassembly path (DP) with the EOL value based on the real-time machine availability. Products in very poor condition are immediately sent for disposal (e.g., smelting, shredding, and landfill). In the secondary inspection area, a scheduling Petri net (SPN) is proposed. With the fixed DP and resource information, the system will continue to optimize the disassembly operations to obtain the maximum operational efficiency of demanufacturing facilities. The concepts and algorithms based on WPN, PPN, and SPN are discussed in Sections III and IV.
D. Disassembly Workstation
According to the DP determined in primary inspection, a product is sent to certain disassembly workstations. In an example IFDS, there are four workstations that fulfill different disassembly tasks for a PC. Workstation 1 separates case and cables from a computer product. Workstation 2 deals with the disassembly of disk drive, hard drive, and CD-ROM. Workstation 3 performs the disassembly of display adapter, audio card, and network adapter. Workstation 4 accomplishes the disassembly of power supply units. Due to the complexity of disassembly tasks, workstations are equipped with different machines and robots.
E. Sorting Unit
The sort operation segregates the disassembled components and materials into the proper commodities. Commodity containers are weighed and information on commodity type and container's weight is sent back to the sorting controller. After that, different commodities are shipped to different vendors for reuse, remanufacturing, reengineering or disposal.
F. Sensory Unit
The sensory unit monitors the status of machines and buffers and feedback information to supervision unit. It plays an important role in decision making and maintaining excellent system performance.
G. Supervision Unit
The supervision unit consists of workstation controllers, robot controllers, sorting controllers and super-controller. Workstation controllers are responsible for controlling the operations in the corresponding machines and buffers. Robot controllers extract the optimal routes for robot movements. Once malfunction or exception happens, such as breakdown of a machine and container overflow, these controllers evaluate the errors and choose the appropriate tactics to handle them. Sorting controllers check signals from the sorting unit and appropriately remove the filled container and replace it with a new one. The super-controller supervises all the controllers. Its functions include job release, task planning and assignment, coordination, communication, and synchronization.
The rest of this paper focuses on disassembly process modeling and dynamic routing in inspection unit and disassembly workstation.
III. MODELING DISASSEMBLY PROCESSES
One of the key purposes of dealing with discarded products is to maximize recycled resources with the consideration of ecological, environmental and economic factors. Zussman et al. termed the multipurpose goal as "increasing the EOL value" [24] , [25] . Since each disassembly task is processed at a certain workstation, the realizability of a disassembly task is affected by the availability of machines in its corresponding workstation. Moreover, a workstation has finite machines with different speeds. The best machine assignment is thus a key to high system throughput. In an IFDS, not only are the EOL value and the capacity of each workstation considered, but also the efficient machine assignment is emphasized. Considering these, this work proposes the following three PN models: 1) a product PN (PPN) with all feasible disassembly sequences and the EOL value of products, subassemblies, and components; 2) a workstation PN (WPN) to model the status of workstations and provide the availability information of workstations; 3) a scheduling PN (SPN) for machine scheduling.
A. Petri Nets (PNs)
Petri nets, as a graphical and mathematical tool, provide a uniform environment for modeling, formal analysis, and design of discrete event systems [23] . A PN may be identified as a particular kind of bipartite directed graph populated by three types of objects. They are places, transitions, and directed arcs connecting places to transitions and transitions to places. Pictorially, places are depicted by circles and transitions by bars. A place is an input (output) place to a transition if there exists a directed arc connecting the transition (place) to the place (transition). In order to study the dynamic behavior of the modeled system, each place may potentially hold a nonnegative number of tokens, pictured by small solid dots. Formally, a PN can be defined as follows: , , , is a finite set of places . 2) , , , is a finite set of transitions, , .
is an input function that defines the set of directed arcs from to , where , if is an input place of ; otherwise 0.
is an output function that defines the set of directed arcs from to , where , if is an output place of ; otherwise 0.
5)
: is a marking vector whose th component represents the number of tokens in the th place. An initial marking is denoted by .
The defined PN called ordinary PN can be further extended to represent various aspects of modeled systems. For instance, places may represent the status of resources. Time and cost can be introduced into ordinary PNs to analyze system performance. This paper uses and extends the ordinary PN to model workstation status, product disassembly sequences, and scheduling. [24] .
B. Workstation Petri Net (WPN)
• :
is a cost value function associated with transitions, which mainly depends on the accessibility and difficulty of disassembly. • :
is the time delay function associated with each workstation-available place.
when there is at least one machine available in the th workstation; otherwise, is the waiting time for the first available machine in the th workstation.
is a conservative time function associated with a transition. It is the maximum time needed to finish the operation a transition represents.
is a decision value associated with a transition. This value is decided before the corresponding disassembly operation, or firing of the transition.
Condition 3) of a PPN assures that the token in a workstation to enable certain transitions is released after their firing. Furthermore, for reasons to be explained during the discussion of the Planning Algorithm (cf. Algorithm 4.1), in the rest of the paper we restrict our attention to the PPN (sub-) class where every transition has only one nonleaf output place, i.e., to the PPNs representing disassembly plans with no parallel tasks. Also, for the same reasons, it is assumed that no workstation is visited more than once in any disassembly plan, represented by a PPN path from the root to a leaf place. Fig. 3 gives a simple example of PPN for a PC disassembly, where letters a to k represent the components of a PC as listed in Table I . 
D. Scheduling Petri Net (SPN)
This paper makes the following assumptions for an IFDS. 1) All the machines in a workstation have the same functions, but may have different speeds. 2) Each machine can process at most one task at a time.
3) Each task is nonpreemptive, requiring one and only one machine at a time. 4) Setup time is included in process time, and two same operations in sequence need no setup time. 5) The transportation time between workstations is negligible compared with the disassembly time.
Due to the uncertainty of disassembly, used products with the same model probably require different disassembly methods. Thus, the entire model is decomposed into several subnets according to jobs and workstations, which are stated as follows.
• The disassembly of a discarded product is called a job. jobs to be processed are denoted by , , .
• Each job has a sequence of tasks. An operation is to process a task by one machine in a workstation. represents the th task of the th job being performed by the th machine in the th workstation. A dynamic model for each workstation is denoted by scheduling PN (SPN).
represents that the th job being processed in the th workstation. , . This place is usually denoted by corresponding to the final status for the th job in the th workstation.
• , there is one and only one resource place and .
•
, there is one and only one pair of status places , such that , and .
• Initial marking , and .
• Final marking , , and .
is a processing time function associated with each transition.
is a delay time function associated with a resource place, which represents the waiting time for the resource to handle a disassembly process of the current subassembly. It is updated according to the sensing and execution results of the corresponding disassembly operation performed by the supervision unit. Fig. 4 and Table II give an example , which shows the PN model for the third job in the first workstation. For convenience, places and transitions are also numbered into sequences as shown on their left sides.
These extended PN models are used to facilitate the disassembly planning and machine scheduling during the primary and the secondary inspection, which we elaborate on in Section IV.
IV. DISASSEMBLY PROCESS PLANNING AND MACHINE SCHEDULING
Zussman and Zhou define the disassembly process plan as finding the order of disassembly operations with the maximal EOL value [25] , [26] . In an IFDS, both the EOL value and resource scheduling are considered, which can be implemented by two-level planning in primary and secondary inspection units. Fig. 5 summaries the overall logic for this approach.
A. Planning Algorithm
In an IFDS, workstations perform disassembly tasks. In a PPN, a workstation place is introduced as an input to a transition, which means that a transition cannot fire until there is at least one machine available in the corresponding workstation to handle it. Considering the capacity of each workstation, not only are tokens used to represent the number of machines idle in the th workstation, but also a release time is assigned to each . During initialization, is set to zero, which means that there is at least one machine available in each workstation. During operation, the workstation controller monitors the status of workstations and tracks their tokens. Once a used product is released into the facility, the workstation controller checks the current status of WPN. If all machines in the th workstation are occupied, i.e., all tokens in go to in WPN, workstation controller calculates the release time for the first available machine and informs the Primary Inspection Unit to update the corresponding . This -value together with other defined function in Definition 3.3 is used to decide the disassembly plan.
In a PPN, a place with multiple output transitions means that there are various disassembly methods available. To choose the best one, disassembly values of a place and a transition have to be defined. Due to the different units for EOL value ($), cost value ($) and time delay (hour), the unit exchange is needed.
Definition 4.1: The cost value for the time delay caused by a workstation is denoted as , and
where is the time delay for workstation and is the exchange rate between cost and time delay, e.g., /h. 
Definition 4.2:
The disassembly values of place and transition are denoted as and , respectively, and calculated in a recursive manner using the following equations:
1)
2)
3) if
After calculating all the disassembly values, the EOL value of each place is compared with that of its corresponding transitions. if , i.e., 's disassembly value is lower than its input place 's EOL value, is pruned from a PPN.
With the information of EOL values of a product, subassemblies, and components, the cost values of disassembly methods, and costs caused by time delays of workstations, a disassembly path of a product can be obtained by Algorithm 4.1. It is a heuristic algorithm that tends to maximize the EOL value of the product while observing the current commitments of the facility resources.
Algorithm 4.1 Disassembly Plan:
Step 1) Apply Procedure reman_value to generate , in a PPN.
Step 2) Set (assuming is the root node for every incoming product).
Step 3) Set , , and ( represents final disassembly path, represents the last components after disassembly and is the set of workstations the product will go through).
Step Since this paper assumes every transition in a PPN has only one nonleaf output place and the number of visitation to any single workstation in a disassembly plan is one, no concurrent execution of various operations exists in the plan. Thus, the components of vector are decreased by the estimated transition duration, every time that a new operation is introduced in the present plan. The assumptions guarantees the correct estimation of the delay function . Due to the introduction of and its estimation errors, the obtained through Algorithm 4.1 is not globally optimal as the original one did [25] . However, the consideration of machine availability and waiting time in this algorithm makes it more suitable for realistic applications.
B. Scheduling Algorithm
After a product or subassembly enters a workstation, it goes through a secondary inspection. In this area, an SPN is developed to model machines and use a token to represent the availability of each machine place. During operation, the workstation controller always monitors the status of machines and track their tokens. Once the station is occupied, a waiting time for this machine is associated with the corresponding token and updated as time passes. Then machines are assigned based on their speeds and availability. Algorithm 4.2 shown below fulfills this task and obtains the execution time,
, to perform the disassembly process for the th job in the th workstation. denotes the total execution time for the disassembly of the th job. The complexity of Algorithm 4.2 is , where and denote the number of tasks and machines in . The algorithm guarantees that each disassembly task for the th job is processed as quickly as possible based on the present state. There is no guarantee that it is globally optimal since it cannot take into account the future tasks entering the workstations.
V. CASE STUDY
To fully understand the above concepts and algorithms, the disassembly of a batch of obsolete PCs in an example system is used to demonstrate the disassembly process planning and scheduling in both primary inspection and secondary inspection units. Section V-A gives the implementation method; Section V-B presents the experimental results.
A. Implementation Method
To fulfill the inspection function for each incoming product, this paper proposes the following implementation steps.
1) Construct WPN and update the initial markings.
2) Construct PPN for an incoming product given the product information and all feasible disassembly choices. 3) Collect and associate all the data with places and transitions in the PPN. 4) Apply Algorithm 4.1 to the Primary Inspection for this product. 5) Construct an SPN for each task of the product being processed. 6) Collect and associate all the data with places and transitions in the SPN. 7) Execute Algorithm 4.2 in the IFDS.
When a discarded product comes to the IFDS facility and waits for its processing, the first four steps are executed. Based on the results of the primary inspection, the rest of steps are performed when each task of this used product reaches a workstation in its process plan.
A discarded PC consists of eleven main components. Its layout without case and cables is given in Fig. 6 , which shows how nine components are connected to each other.
First, check the workstations' condition and model a WPN, where dynamically updated markings represent the number of idle and busy machines.
Second, to construct a PPN for an incoming PC, start with the entire product labeled by . Identify all possible ways to disassemble it into the next-level subassemblies or components. For instance, at , only one method is identified and represented by , which means that other components can be disassembled only after opening the case and taking out all cables. This process is repeated for each subassembly until no subassembly left. Then workstation places are added. Finally the complete PPN is obtained as shown in Fig. 3 . The dotted arrows show the parallel disassemblies in a real-time system. For clarity, workstation places ( to 4) are shown more than once in Fig. 3 . Then, the relevant information associated with places and transitions is collected. The detailed data is given in the next subsection.
Based on the result of Primary Inspection, an SPN is modeled for each job. To construct , start with the initial status of the th job in the th workstation labeled by . Identify all feasible ways to process its disassembly into the next-level subassembly/components. Repeat this procedure until the final status of the th job in the th workstation is reached. Taking as an example, at , there are two machines that can process the disassembly of case and cables, which are represented by two transitions as shown in Fig. 4 . The detailed data associated with places and transitions are also presented in Section V-B.
Finally, the proposed algorithms are implemented into the IFDS. This work has developed a simulation module that runs under Windows 98/NT operating system written in Visual C++. The software architecture includes Database, Process Planner and Controller. Database provides the relevant information of each product and workstation, including EOL and cost values in PPN, process time in SPN, and idle/busy markings in WPN. Based on the information from Database, Process Planner obtains the DP, decides machine assignments, and transfers it to Controller. Then, Controller assigns jobs to machines according to the results from Process Planner, updates workstation information, and feedbacks it to Database.
B. Experimental Results
In this section, a value gain in the disassembly plan DP is defined first. Two cases are considered in the simulation software. In the baseline case, a coming PC is completely disassembled through Workstations 1 to 4, no matter what condition it has. The disassembly sequence is fixed. A job immediately takes an idle machine based on their speeds when both are available. In the proposed case, each coming PC is first inspected based on its potential disassembility and system condition. Then it is disassembled following its disassembly sequence derived by Algorithms 4.1 and 4.2.
To show the significant difference between two cases, a sample mean, a sample variance, confidence interval estimation, and standard error are introduced and a correlated sampling statistical technique is used [1] . Finally, the execution of Algorithms 4.1 and 4.2 is presented. Two alternatives in real-time procedures are compared through a set of experiments.
Definition 5.1: The value gain in a disassembly plan DP is
In IFDS, there are various parameters. Some of them are the input data of the Process Planner (i.e., , , ); and others are calculated during the operations (i.e., ). In the real-time situation, there are two kinds of input data, one of which is decided according to the previous benchmark experience and the market price (i.e., EOL value , cost value ); the other is dynamically obtained through sensors (i.e., ). During the implementation of the simulation software, the input data are created as follows and used to both cases.
• 2) The workstation information is transferred from the WPN: where 2.73 indicates that the earliest machine in will be ready in 2.73 min. 3) Calculate the disassembly values of places and transitions using procedure reman_value:
4) Apply procedure Optimal_Path to obtain the best disassembly method at each place 5) The sequence of operations for is obtained as , ,
3.89. Note that the EOL value of the entire product without disassembly is $1.4. At the end of the disassembly process, the EOL value of the PC increases to $3.89. Fig. 7 gives the disassembly value as a function of the disassembly steps.
Following the decided disassembly sequence, goes through Workstations 1 and 3, then 2 and 4. Once enters the th workstation, is modeled. The relevant information associated with places and transitions is collected. Taking as an example, the execution of Algorithm 4.2 is presented as follows.
1) Collect the corresponding data for where 1.45 indicates Machine 1 will be available in 1.45 min.
2) The execution plan is decided and the execution time for the third job in the first workstation is obtained: min.
2) Comparison Results:
In this set of experiments, as the batch size of PCs changes from 100 to 10 000, the average disassembly time and value gain are obtained for and compared between baseline and proposed methods that are shown in Figs. 8 and 9. Using the data in Table III , 95% confidence intervals for the true mean differences in average disassembly time and value gain of products are calculated. The approximate 100( )% confidence interval for is defined as
where is a sample mean of based on a sample of size ; is the standard error of ; and is the 100( )% percentage point of a -distributed with degrees of freedom. The value of is obtained from -distribution table [1] .
A 95% confidence interval for average disassembly time is given by or A 95% confidence interval for value gain of products is given by or The 95% confidence interval for average disassembly time lies completely above zero, which provides strong evidence that -that is, the proposed method is better than the baseline one, because its average disassembly time is smaller. Another convincing evidence that the proposed methodology is better, is the hypothesis for the value gain of products, which shows that the EOL values of products are increased in the proposed case.
The simulation output analysis represents a significant improvement in terms of system throughput and overall EOL values for the proposed methodology. The experiments with input data that have truncated normal distribution are also tested and the similar results are obtained.
VI. CONCLUSION
Demanufacture of products for component and material recovery is an emerging field of research. This paper addresses algorithmic issues to design and implementation of an integrated flexible demanufacturing system (IFDS). Three PN models (WPN, PPN, and SPN) are designed and implemented in real time. To deal with the unique features in disassembly planning, the EOL and cost value functions are introduced to places and transitions in a PPN, respectively. To incorporate the time delay caused by availability of machines in workstations, the delay time function associated with each workstation place is introduced in a PPN. The information of each workstation place comes from a WPN. In a SPN, processing and delay time functions assigned to transitions are used to deal with machine assignment in each workstation. Thus, the proposed heuristic methodology accommodates a disassembly job to the running schedule of an IFDS and aims to maximize the EOL value of the considered product and minimize the job cycle time, while at the same time it observes the current commitments of the facility resources.
To the authors' knowledge, no paper has comprehensively dealt with a problem of maximizing both the EOL value of products and the demanufacturing system's throughput. This work successfully overcomes a deficiency in [25] , [26] that ignores real-time resource capacity and availability, thereby making the proposed methodology more applicable to real industrial settings. The main benefit of this methodology is that a reliable and environmentally friendly execution of robotic disassembly task sequences is guaranteed through modeling, planning and demanufacturing control.
Although the proposed algorithms can handle different products with different batch sizes, the efficiency issue and sensitivity analysis remain open. Both group technology and arrival intervals are necessary to be used in order to optimize the system productivity and EOL values. Moreover, the expression of updating delay time function in primary inspection is accurate only when the derived disassembly plan for a product does not contain parallel tasks. In order to use the heuristic methodology successfully in practical applications, an accurate method to estimate delay time function considering concurrent processes in the disassembly path for a product deserves research effort. More factory data need to be used to test our methodology in the future. Adaptive algorithms considering the operational failure and their industrial scale implementation need to be developed.
